Introduction
This paper presents automatic methods for locating diffuse peaks in diffraction patterns and for locating the centre of a diffraction pattern. In X-ray or neutron diffraction patterns, diffuse peaks may be broad Bragg re¯ections from crystals consisting of only a few unit cells (Hukins, 1981) or they may arise from regular non-crystalline systems such as cylindrical or spiral structures (Hulmes et al., 1995) or structures with liquidlike disorder (Woodhead-Galloway & Machin, 1976a,b) . Diffuse peaks are also characteristic of systems which exhibit paracrystalline disorder of the second kind' (Hosemann & Bagchi, 1962; Hosemann, 1973) , although they may be better described as liquid-like structures (Woodhead-Galloway et al., 1980) . The centre of the diffraction pattern can be calculated from the image of the unde¯ected beam at the detector. This image can be observed on ®lm if a semi-transparent beam stop is used to attenuate the unde¯ected beam. This paper describes a pattern matching method in which correlation with a two-dimensional Gaussian function is used to locate diffuse peaks. Most publications do not describe how peak positions are determined. One method that has been described involves least-squares ®tting a background curve, which is then subtracted, followed by ®tting a Gaussian pro®le (Lees et al., 1984) . In other applications, the peak maximum has simply been located by eye and indicated interactively (Kirby et al., 1988) . The image of the unde¯ected beam de®nes the centre of the diffraction pattern, if the beam is suf®ciently small. Here we describe a convolution method which locates the centre even when the beam has an appreciable crosssectional area.
X-ray diffraction patterns
In order to evaluate the technique, X-ray diffraction patterns were recorded from three different systems that contain oriented molecules of the protein collagen: collagen tape, elastoidin spicules and the annulus ®brosus of pig intervertebral disc. Patterns were recorded on Kodak Scienti®c Imaging ®lm (DEF5, Eastman Kodak Co., Rochester, NY, USA) using a collimated Cu K X-ray beam with a crosssectional area of about 1 Â 1 mm. A circle of ®lm (diameter 74 mm) was placed about 6 cm from the specimen so that the diffuse peaks in the equatorial diffraction pattern (spacing in the approximate range 1±2 nm) were recorded at 4±7 mm from the centre. Finely powdered quartz (most intense spacing at 0.334 nm) was sprinkled on the surface of each specimen to act as a calibrant, so that the exact specimen-to-®lm distance could always be calculated. A semi-transparent beam stop was used to attenuate the X-ray beam which was not scattered by the specimen.
A single diffraction pattern was recorded from ten different specimens for each system. Details on specimens and their handling have been described previously: collagen tape was dry (Hukins, 1977) , both elastoidin (Woodhead-Galloway et al., 1978) and annulus ®brosus (Hickey & Hukins, 1979) were hydrated.
Patterns were digitized, at a resolution of 105 mm, using a Lumiscan transparency scanner (Lumisys, Sunnyvale, CA 94086, USA). Each pattern gave a square digital image of 760 Â 760 pixels, which enclosed the circular diffraction pattern. In all cases, the optical density was less than 1.5; the optical density of industrial X-ray ®lm is then expected to be proportional to exposure (Kirby et al., 1988) . The scanner output was converted to pgm format, which enables additional information to be added as a header (Murray & vanRyper, 1996) ; the grey level of each pixel was stored with a precision of 8 bits. Fig. 1 shows the diffraction pattern from collagen tape in which the two equivalent intensity maxima, marked E and E H , which de®ne the equator, are to be located. The unde¯ected beam appears in the centre of the area (white) covered by the beam stop. In the diffraction pattern from elastoidin (Woodhead-Galloway et al., 1978) and annulus ®brosus (Fig. 2 ) the peaks are much less distinct. The annulus ®brosus is biaxial and so has two equators, each with two peaks (Hickey & Hukins, 1979) .
Principles

Background
Diffuse peaks may not have Gaussian pro®les. A method which has been used previously, to locate diffuse peaks in the neutron diffraction pattern of collagen, subtracts a sloping background to isolate a peak which is ®tted by a Gaussian function (Lees et al., 1984) . However, theoretical predictions of the equatorial intensity distribution, in the X-ray diffraction pattern of collagen, suggest that the maxima are not Gaussian (Woodhead-Galloway & Machin, 1976a,b) . Indeed, it appears that the sloping`background' between the centre of the pattern and the ®tted Gaussian function is really a part of the diffuse peak. The technique described here detects the position of a diffuse peak without the need to subtract any background intensity and, therefore, without the need to make any assumptions about whether the surrounding intensity is part of the peak or part of the background.
Correlation
The peak position was determined by correlation, which is the basis of many pattern-matching algorithms to ®nd a feature in an image (Sonka et al., 1993) . In practice, a Gaussian function was capable of ®nding the diffuse-peak position, as shown in Fig. 2 . Although the intensity distribution does not have a Gaussian pro®le, since the peak is little more than a shoulder before the equatorial intensity suddenly decreases [as explained by Woodhead-Galloway & Machin (1976a) ], correlation with a Gaussian function is capable of ®nding its position.
Here cross-correlation was used to ®nd a peak, represented by a Gaussian function, g, in an image, f. In practice crosscorrelation was performed in frequency space, since this was faster then real space cross-correlation for arrays whose dimensions correspond to the areas of diffraction patterns we have investigated. Then the Fourier transform, R fg , of the cross-correlation, r fg , between f and g is given by
where F * is the complex conjugate of F, the Fourier transform of f, and G is the Fourier transform of g (see Appendix J of Champeney, 1973) . Then r fg can be recovered by calculating the inverse Fourier transform of R fg .
Convolution
The centroid of the image of the beam cross section, at the detector, de®nes the centre of the diffraction pattern. Here the centroid was found by convolution of the image of the beam with a two-dimensional Gaussian function. This procedure produces a peak at the centroid of the image. The discrete convolution, P(m,n), of an l Â l kernel (in this application a two-dimensional Gaussian function) with an m Â n digitized image (here the diffraction pattern) is given by
when m ! l ± 1 and n ! l ± 1 and zero elsewhere (Research Systems Inc., 1997). It is clear, from the integrals which de®ne convolution and cross-correlation (see Champeney, 1973) , that the results of the two operations will be related by inversion when the kernel is a symmetric function. This suggests that the same numerical techniques should be used to locate the diffraction maximum and to locate the centroid of the image of the unde¯ected beam. The reason is that whichever algorithm is the most ef®cient for the ®rst application, will also be the most ef®cient for the second. However, since the peak is not symmetric, any software should be capable of being developed so that an asymmetric function can be used to ®nd the peak. For an asymmetric kernel, convolution and cross-correlation yield different results. A Gaussian function was chosen here because using an asymmetric function would have increased the Fig. 1 . Digitized X-ray diffraction pattern of collagen tape. E and E H are the intensity maxima of the two equivalent peaks which de®ne the equator. The image of the unde¯ected beam appears in the (white) shadow of the semi-transparent beam stop. Fig. 2 . Equatorial intensity distribution for an X-ray diffraction pattern of annulus ®brosus (solid line). Two Gaussian functions (dotted lines) are overlaid to show the locations of the diffuse peaks. The peak in the centre of the intensity pro®le corresponds to the image of the unde¯ected beam, after transmission through a semitransparent beam stop. In this ®gure, the pixel intensity, in arbitrary units, is plotted against equatorial pixel values with an arbitrary origin. Note that the peaks do not have exactly the same heights. This is a common feature of X-ray diffraction patterns from specimens of this kind. It can be explained by the beams corresponding to the two peaks being attenuated to differing extents, e.g. because each passes through a different thickness of tissue.
computing time and there is no simple asymmetric function available for describing the peaks which we wished to locate. Furthermore, in principle, an asymmetric function would also have to be rotated and matched for every angle in order to ®nd the best match.
4. Implementation 4.1. General
All software was written in the IDL programing language (Version 5.02; Research Systems Inc., Boulder, CO, USA). This language was selected for three reasons. Firstly, it is easy to use it to produce a high-quality user interface. Secondly, it provides good facilities for handling images and arrays. Thirdly, it incorporates functions for performing many of the operations (e.g. Fourier transformation) which were required. The software described here is available from the authors.
The developed user interface enables all the interactive operations, options and calculations to be performed via buttons and menus. In the original diffraction patterns, peaks are dark (see Fig. 1 ), which leads their pixel intensity values to be lower than the background. There is a facility to invert these values, to ensure that peaks do not appear as troughs, and to scale the dimensions of the diffraction pattern to ®t the display window. The pattern can be displayed as a grey scale or transformed to a pseudocolour scale (Sonka et al., 1993) ; either scale can be adjusted to suit the user by an interactive slider. Areas to be analysed can be selected, interactively, by placing a circle of variable radius on the pattern and assigning all pixels inside or outside an intensity of zero. This facility enables the peak positions or the centre of the pattern to be isolated from other features. Isolation of these features was essential to ensure that the algorithm located the peaks which were required. The diffraction pattern of the quartz calibrant consisted of concentric rings; the diameter of the most intense ring was determined by interactively changing the diameter of a displayed circle and moving it, until it coincided with the diffraction ring.
Peak location
Peaks were located using equation (1) and the IDL routine MAX to locate the highest value and, hence, its position in the array. Inverse Fourier transformation then yielded the required result (see x3.1). In this context, F is the Fourier transform of the digitized diffraction pattern. Fourier transformation was performed using the IDL routine FFT (Research Systems Inc., 1997). The Gaussian function, g, is de®ned by g expÀz 2 a2Y 3 z x yaaX 4
Here x and y are pixel coordinates on the diffraction pattern. The value of a de®nes the width of the Gaussian function, in pixels. Preliminary trials showed that peaks could be located reliably when the value of a = 7. This value of a ensures that the value of g decreases suf®ciently rapidly that this function is appropriate for peak location. Computational time is machine dependent but is reduced because it is only necessary to investigate a selected area of the diffraction pattern (see x4.1).
It typically took about 5 s to ®nd a peak in our diffraction patterns using a Sun Sparc Ultra 1 workstation.
The resulting peak position was marked on the displayed image. If the user was not satis®ed with the result, the area to be analysed (see x4.1) was rede®ned and the procedure repeated. Once an intensity maximum had been located, it was removed, together with a small surrounding area (a circle of radius 5 pixels in this application), from the copy of the image being analysed. The peak location procedure was then repeated until all peaks had been located. The positions located for the peaks were then displayed on the original diffraction pattern.
Location of the pattern centre
Before the centre, de®ned by the centroid of the unde¯ected beam cross section (x3.2), was located, the central region of the diffraction pattern was smoothed. This was to avoid the result being sensitive to an anomalous intensity in a single pixel. Smoothing was achieved by replacing the value of each pixel with the average value of the pixels in a 3 Â 3 pixel square surrounding it. Smoothing was performed to¯atten any small features which could have in¯uenced the position of the peak. The centroid was found by convolution with a two-dimensional Gaussian function with a 7 Â 7 pixel kernel, as described in x3.2, using the IDL routine CONVOL. The Gaussian function had a width [a in equation (3)] of 13 pixels. In principle, this procedure yields a centroid with a slight bias towards any region with a higher intensity than the remainder of the region. The computational time on a Sun Sparc Ultra 1 workstation was typically about 1.5 s.
Evaluation
The distance, x, between the centre of the pattern and a diffuse peak was used to calculate the spacing
between molecules in a collagen ®bril. Here ! is the wavelength of the radiation used to record the diffraction pattern and is the Bragg angle (half the scattering angle) given by
where D is the specimen-to-®lm distance. The value of D was calculated from equations (5) and (6) using the measured value of x for the calibrant for which d is known (x2). Although it may often be better to use the peak pro®le to characterize the structure of the collagen ®bril in terms of a radial distribution function (Woodhead-Galloway & Machin, 1976a,b) , it is often adequate simply to calculate a d value (Grynpas et al., 1981; Lees & Hukins, 1992) . Ten d values were calculated for each system investigated (x2).
Reasonable d values were obtained for all three systems investigated. Values (mean AE standard deviation) were 1.23 AE 0.03 nm (collagen tape), 2.3 AE 0.1 nm (elastoidin) and 2.1 AE 0.1 nm (annulus ®brosus). The larger values of the standard deviation for elastoidin and annulus ®brosus, as compared with collagen tape, can be explained by their peaks being much more diffuse and, consequently, more dif®cult to locate precisely. The value of d for collagen tape is close to that usually observed for dried collagen where the molecules are packed together. Measurement of a published densitometer trace of dried elastoidin (Woodhead-Galloway et al., 1978) gives a value of 1.2 nm. In bone, which is not dried but where it has been proposed that the collagen molecules are pushed together by the mineral phase, d = 1.22 AE 0.03 nm (Lees & Hukins, 1992) . The value for hydrated elastoidin, measured from a published densitometer trace (Woodhead-Galloway et al., 1978) , was 2.0 nm; however, deciding on the position of the intensity maximum was very subjective. Published d values for annulus ®brosus collagen are in the range 1.4±1.6 nm (Grynpas et al., 1981) . In this study, the diffuse-peak positions were located subjectively and are close to the shoulders of densitometer traces, like those of Fig. 2 , rather than at peak centres; this would tend to provide an underestimate of d values. The dif®culty of detecting diffuse-peak positions by inspection of intensity distributions emphasizes the value of the approach adopted here.
Discussion
The methods described here were used to determine reliably the positions of diffuse peaks and the centres of diffraction patterns. Correlation with a two-dimensional Gaussian function was used to determine peak positions. In this application, the width of the function was 7 pixels, which corresponds to 0.74 mm since the diffraction patterns were digitized at a resolution of 105 mm. However, the optimum value may depend on the specimen-to-®lm distance, the nature of the diffraction pattern and the beam cross section. Therefore, different widths for the Gaussian function may be more effective in other applications. The centroid of the image of the unde¯ected beam was located by convolution with a twodimensional Gaussian function with a width of 25 pixels, which corresponds to 2.6 mm. Once again, different widths for the function may be required in future applications.
The beam cross section used in our experiments gave diffraction patterns which provided a stringent test of the methods. The diffraction pattern can be considered as the convolution of intensity distribution of the beam cross section with the diffraction pattern which would be recorded using a beam of negligible cross-sectional area. Diffraction patterns from biological systems are commonly recorded using X-ray beams with a diameter of about 0.1 mm. Since we were using a beam with a dimension of about 1 mm, the peaks we were locating were more diffuse than would normally be recorded from these systems. Despite this problem, we were able to obtain reliable values for the spacings calculated from the peak positions (see x5). We are routinely using beam cross sections of this size to record X-ray diffraction patterns, in a reasonably short time, from tissues with a low collagen content in order to measure the orientations of collagen ®brils using principles described previously (Kirby et al., 1988) .
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